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ABSTRACT

Tropical intraseasonal convective anomalies (TICA) have a central role in subseasonal changes in the coupled
ocean—atmosphere system, but the climatology of TICA events has not been properly documented. This study
exploits 24 years of outgoing longwave radiation (OLR) data and a tracking algorithm to develop a climatol ogy
of eastward propagating TICA events. Three distinct types of TICA occurrences are documented according to
their propagation characteristics. The first type (IND) is characterized by events that propagate in the Indian
Ocean without significant influence in the western Pacific Ocean. The second and third types are associated with
occurrences of the Madden—Julian oscillation during boreal winters (MJO) and summers (1SO). The frequency
of occurrence of TICA events is highest in April-June and October—-December and lowest in July—September.
An analysis of the spatial and temporal characteristics reveals that MJO events tend to have the longest life
cycle, greatest intensity, and largest variability inside the contiguous region of OLR anomaly. Given the data
record of 24 years, the analysis of interannual occurrences of TICA events does not show statistically significant
differences among events that occur in different phases of the El Nifio-Southern Oscillation (ENSO). A procedure
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is developed to identify major MJO events and estimate their frequency of occurrence in the data record.

1. Introduction

It iswidely recognized that tropical intraseasonal os-
cillations have a significant role in global-scale precip-
itation changes and involve important mechanisms of
low-frequency variability in the climate system (Ras-
musson and Arkin 1993). On this time scale (roughly
10 to 90 days), the Madden—Julian oscillation (MJO)
stands out as the dominant mode of tropical intrasea-
sonal variability and is most active in the boreal winter
(Madden and Julian 1994). We refer to boreal winter
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occurrences as MJO and boreal summer events as *‘in-
traseasonal oscillation” (1SO) simply to differentiatethe
seasonality of the MJO. The influences of the MJO
(ISO) on the patterns of precipitation in the global Trop-
ics and in portions of the extratropics have been well
documented. For example, the MJO (1SO) strongly in-
fluences the precipitation patterns associated with the
monsoons in Asia-Australia, and moderately in North
America and South America (Yasunari 1979; Lau and
Chan 1986; Mo 2000; Nogués-Paegle et al. 2000; Hig-
gins and Shi 2001; Jones and Carvalho 2002). This
influence has been shown to modulaterainfall variability
and extreme events in the Americas as well (Higgins et
al. 2000; Jones 2000; Carvalho et al. 2004). From a
practical point of view, some studies have also indicated
that the interaction of the MJO with the extratropical
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regions can influence weather forecasts on medium and
extended ranges (Ferranti et al. 1990; Lau and Chang
1992).

An important characteristic of the MJO is its high
degree of case-to-case variability as well asits seasonal
to interannual variations (Weickmann 1991; Madden
and Julian 1994; Slingo et al. 1999). The MJO (1SO)
is usually identified with satellite data, given the sig-
nificant variations that occur in tropical convection dur-
ing its life cycle. The purpose of this paper is to obtain
an updated climatology of tropical intraseasonal con-
vective anomalies (TICA) using 24 years of outgoing
longwave radiation data. By using a tracking algorithm
of tropical convective regions, we characterize the oc-
currences of TICA events and their properties. The spe-
cific questions addressed are: what is the seasonal fre-
guency of MJO (1SO) occurrences? How does the fre-
guency of MJO (I1SO) occurrences depend on the phase
of El Nifio-Southern Oscillation (ENSO)? Is the evo-
[ution of MJO and ISO events significantly different in
terms of intensity and propagation speeds? Further-
more, an important issue examined in this study is the
frequency of major MJO events and identification of
major MJO occurrences with significant low-level wind
anomalies in the western Pacific region.

In the context above, it is useful to review the results
of Wang and Rui (1990) since they are pertinent to this
study. Wang and Rui (1990, hereafter WR) developed
a limited climatology of TICA occurrences using nine
years of outgoing longwave radiation (OLR). In their
approach, the annual and interannual components of
pentad-mean OLR were removed, and TICA events
were identified by tracking the tempora evolution of
negative OLR anomalies. OLR features were required
to have a life span of at least four pentads. During the
life span, the zonal dimension of the OLR features was
required to exceed 30° in longitude and the central OLR
anomaly needed to be less than —15 W m~2, Further-
more, at the strongest stage during the evolution, the
zonal dimension was required to exceed 50° in longitude
and the minimum OLR to be less than —25 W m~2.
TICA geographical locations and their propagation
characteristics were obtained by tracking the grid point
with the lowest OLR anomaly. The examination of the
propagation characteristics revealed a multitude of be-
haviors such as eastward, westward, and northward
movement. Thisled WR to propose three types of prop-
agation characteristics: equatorial eastward (EE), east-
ward propagation with north and/or south movement (N/
S-E) and eastward propagation with northward move-
ment (EN) (see their Fig. 5 for details). TICA season-
ality, as well as some of their characteristics (intensity,
duration, and speed), was discussed. However, the lim-
ited number of years used in the analysis precluded the
authors from examining interannual variations. Fur-
thermore, a statistical analysis in terms of frequency of
major MJO occurrences was not investigated.

In this paper we limit the analysis to eastward prop-
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agating events (hereafter called TICA) since they are
closely related to the MJO (1SO). Second, weinvestigate
differencesin the spatial and temporal characteristics of
different types of TICA events. Given the influential
nature of the MJO in the coupled ocean—atmosphere
system, we examine the frequency of TICA occurrences
and their dependence on the seasonal cycle and phase
of ENSO. The organization of this paper is as follows.
Section 2 summarizes the datasets used. The method-
ology to identify and categorize TICA events is dis-
cussed in section 3. Seasonal variations of TICA events
are discussed in section 4. Differences in TICA char-
acteristics are presented in section 5. Interannual vari-
ations and the occurrence of major MJO events are dis-
cussed in section 6 and section 7 summarizestheresults.

2. Data

Theidentification of TICA was performed by tracking
OLR features, which are often used as a proxy for large-
scale tropical convective activity (e.g., Lau and Chan
1986; Waliser et al. 1993; Jones et al. 1998). Pentads
of OLR (5-day nonoverlapping means with 73 pentads
per year) were used from 1-5 January 1979 through 27—
31 December 2002 (1752 pentads). Additiona infor-
mation on changes in instrumentation, equator-crossing
times, and inherent biasesin the OLR data are described
in Chelliah and Arkin (1992) and Lucas et al. (2001).

The spatial resolution of the OLR field was de-
creased to 5° X 5° to focus on the large-scale features
of TICA characteristics. In order to retain intraseasonal
variations, a simple filtering procedure was applied to
each pentad OLR time series. First, periodslonger than
100 days were filtered in frequency domain by apply-
ing fast Fourier transforms (FFT). The resulting time
series was additionally smoothed with one pass of a
1-2-1 running average to decrease high-frequency os-
cillations. The primary reason for using this simple
temporal filter procedure and not a bandpass filter is
that it can be applied in real-time applications. For
instance, the statistical forecast skill of TICA occur-
rences is further discussed in Jones et al. (2002, man-
uscript submitted to J. Climate). A comparison of this
filtering procedure with OL R anomalies computed with
a Lanczos bandpass filter (20—90 days) indicated cor-
relations on the order of 0.8-0.9 over most of the Trop-
ics. Finally, the OLR anomalies were filtered in space
with a weighted-average spatial filter such that each
filtered value is given by

1 51
OLR] = SOLR, + > gOLRx
k=1

where the summation is for the eight neighbor points
of OLR;.
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3. Methodology to identify and characterize TICA
occurrences

The identification and characterization of TICA oc-
currences involved a number of steps. First, athreshold
mask of —10 W m~2 was applied to each pentad map
of OLR anomalies, and grid points not satisfying this
criterion were set to an arbitrary value (equal to zero).
Next, contiguous regions with OLR anomalies |ess than
—10 W m~—2 were tagged in each pentad map. Only
contiguous regions with sizes greater than 10 grid points
(5° X 5° latitude-ongitude resolution) and minimum
OLR anomaly less than —15 W m~2 were kept for sub-
sequent analysis. The contiguous OLR anomalies pass-
ing thisinitial screening process were the ones tracked
in time. The tracking algorithm is insensitive to a rea-
sonable range of minimum size of contiguous regions.
Increasing the minimum size (e.g., 15 contiguous grid
points) implies that potentially weak and small TICA
cases can be missed from the analysis.

The tracking of the contiguous OLR anomalies was
accomplished by applying a modified version of the
maximum spatial correlation tracking technique (MAS-
COTTE) described in Carvalho and Jones (2001). That
algorithm was originally developed to track the evo-
lution of mesoscale convective systems using satellite
images with high temporal and spatial resolution. The
maodifications introduced were minimal and only nec-
essary to account for the different tempora and spatial
resolution of the OLR anomaly data. The MASCOTTE
basic hypothesis is that the spatial correlation between
contiguous regions in successive imagesis asimple and
powerful method to identify the evolution of spatial
patterns.

To briefly summarize the procedure, we consider N
= 1752 (24 yr) maps of OLR anomalies. At time t,,
there are m contiguous OL R regions. The kth contiguous
region (1 = k = m) isfirst isolated (i.e., the remainder
of the map is set to the background mask value). We
then consider the next pentad map at timet,, , and iden-
tify all the contiguous regions. The contiguous region
at t;,, that has maximum spatial correlation (r, > 0.20)
with the kth region at t; is considered the new spatial
position of the OLR contiguous region. The threshold
value of r, > 0.20 was determined on many tests per-
formed in the application of the algorithm. Implicit in
the spatial correlation assumption is that a TICA event
endswhen r, < 0.20. However, it isimportant to realize
that the algorithm keeps track of the entire history of
correlations of any given OLR contiguous region with
all other OLR anomaly features in succeeding images.
The history of correlations allows one to flag splitsin
the OLR contiguous regions and also to check the evo-
lution of the sequence regardless of the minimum r
value.

The tracking method is repeated for all contiguous
regions at thetimet, and starts again for the next pentad
map. An important note regarding our choice of mini-
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mum size (10 grid points) of OLR features is that this
methodology is able to track systems moving with
speeds up to 10 m s~ (see section 5 and Fig. 7). Since
the average eastward propagation of the MJO is about
4 m s~* (Hendon and Salby 1994; Madden and Julian
1994; Jones and Weare 1996), the approach used here
is robust in the sense that it does not miss MJO events.

For each sequence (or evolution) of contiguous OLR
anomalies, a number of parameters are reported at each
time t;, date, minimum OLR anomaly, OLR variance
within the contiguous region, number of clusters with
OLR anomaly less than —15 W m~2 and total area of
the contiguous region. The geographical location of the
contiguous OLR region at time t; is defined in three
different ways. geometrical center of the contiguous re-
gion (OLR anomaly lessthan —10 W m~2), geometrical
center of the cluster with OLR anomaly less than —15
W m-2, and latitude-longitude of the grid point with
minimum OLR anomaly (geometrical center is calcu-
lated as the average latitude—ongitude of the grid points
composing the OLR anomaly feature). In case there is
more than one cluster with OLR = —15 W m~2, the
cluster with lowest OLR is used. If there is more than
one grid point with absolute minimum, the latitude—
longitude is determined from the geometrical center of
the grid points with OLR equal to the absolute mini-
mum. The thresholds of —10 and —15 W m~2 are used
to investigate the internal variance of the OLR anomaly
features. The propagation speed of the system is defined
by the movement of the geometrical center of the OLR
contiguous region (OLR anomaly < —10 W m~2). The
duration of the sequence is calculated in pentads from
the origin to the end of the sequence. The total number
of sequences identified in this initial process was equal
to 2075 with the understanding that many of these se-
quences were short lived. In order to limit the number
of events that were related to significant intraseasonal
variations, three additional conditions were imposed: 1)
the duration of the event had to last more than 4 pentads,
2) during the strongest stage of evolution, the minimum
OLR anomaly had to be less than —25 W m~2, and 3)
the sequence propagated eastward and the final longi-
tude of the sequence was eastward of 50°E. Eastward
propagation is defined when the final longitude of the
seguence was eastward of the longitude at the beginning
of the event. The first two conditions were similarly
adopted by WR. A small percentage (eight events) had
minor westward propagation as determined by the center
of gravity of the system. However, individual visual
inspection of these cases showed that these systemswere
clearly boreal summer 1SO events moving from the
equatorial Indian Ocean towards India and the slight
westward propagation was just aresult of the particular
trajectory of the geometrical center. These cases are
included here for completeness. The sequences satis-
fying the procedure above are denoted here as TICA
occurrences and 110 events were identified in 24 years
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of OLR data. This gives an average of 4-5 events per
year, consistent with the MJO (1SO) time scale. ro=2 Fu. @)

As indicated by WR, actual TICA trajectories reveal
more complex behavior than what is derived from other
statistical analysis (e.g., EOF, cross-spectral analysis,
composites, etc.). In contrast to their methodology, our
attempt to characterize TICA trgjectories using the lat-
itude/longitude of the grid point with minimum OLR
anomaly required frequent subjective decisions. Often,
as the OLR contiguous region evolves and changes
shape and intensity, the grid point with minimum OLR
anomaly moves erratically with large displacements be-
tween succeeding pentad maps.

To overcome this difficulty, we developed an alter-
native procedure to determine TICA trajectories. Five
regions in the Indian—Pacific sector are defined (Fig. 1).
The selection of these regions was subjective and meant
to categorize the 110 events according to distinct tra-
jectories. For any given TICA moving eastward, these
regions are used to define the direction of most influ-
ential propagation in the following manner. For each
time t, MASCOTTE computes the fraction of the con-
tiguous OLR anomaly intersecting each of the five key
regions: R, for L = 1,5and t = 1, T, where T is the
TICA duration. Note that R_, varies between 0 (if not
intersecting region L) and 1 (if fully contained in region
L). Next, we define the intersection ratio in region L
and timet as

R,

SARIN
> R,
L=1

The intersection ratio F_, is defined as zero, if the
denominator in (1) is zero (therefore, 0 = F , = 1). For
any given TICA sequence, the cumulative intersection
ratio (I'.) at region L is obtained by integrating F_, for
the duration of the sequence:

Fo.= @)

t=1

The cumulative intersection ratio (I')) is used as an
objective way to determine the most influential direction
of propagation as a TICA moves eastward. This param-
eter essentially takes into account how much of the area
of the contiguous OLR anomaly is overlapping with the
predefined key regions throughout its life cycle and
avoids using a single grid point to determine the prop-
agation direction. Note also that there are no restrictions
on the origin of the TICA events. The only conditions
are the thresholds of the OLR anomalies and that there
is eastward propagation.

Based on the computation of I', we were able to
classify three distinct types of propagation. We deter-
mined that significant intersection with a region occurs
when I, = 1.0 during the TICA life cycle. Indeed, the
ultimate test for validating the entire tracking procedure
was to visually inspect the trajectories case by case. The
first type denoted as IND includes 19 cases in which
the OLR anomaly originates in the Eastern Hemisphere
but only intersects the INDOC region in the tropical
Indian Ocean (Fig. 1). These cases never fully develop
significant eastward propagation towards the western
Pacific (WPAC). The second type totals 53 events and
is characterized by OLR anomalies that propagate east-
ward over the Indian Ocean and later move northward
toward India and/or eastern Asia (CASIA and EASIA
in Fig. 1). As it will be shown next, the majority of
these cases occur during boreal spring, summer, and fall,
and are called here 1SO. The third type typically occurs
during boreal winter, when OLR anomalies propagate
from the Indian Ocean towards the western Pacific. In
this type, OLR anomalies intersect not only the INDOC
and WPAC regions but quite often intersect the South
Pacific convergence zone (SPCZ) region (Fig. 1). The



1 FEBRUARY 2004

algorithm initially identified 40 cases of thistype. How-
ever, later examination revealed that two of these cases
were associated with Kelvin waves, given the excessive
propagation speed and were eliminated from this cat-
egory. Wheeler and Kiladis (1999) provide an exten-
sive discussion of convectively coupled waves in the
equatorial region. The remaining 38 cases are called
MJO. For convenience, the three types are indicated
in Fig. 2.

A quantitative representation is shown in Table 1,
which shows the mean cumulative intersection ratio I',.
for each region and each TICA type. Note that the gen-
eral features of our classification and the ones obtained
by WR are similar but not identical (see their Fig. 5).
Some TICA cases originate as one contiguous region
of OLR anomaly satisfying the threshold and minimum
values criteria specified before. As the contiguous OLR
anomaly region moves eastward, a secondary region of
OLR anomaly may develop. Thissecondary OLR region
may eventually become separated from the main one
(i.e., the values in between the two regions are above
the threshold of —10 W m~2) and follow a different
trajectory. Our attempts to automatically track the tra-
jectory of the secondary OLR anomaly region required
too many subjective decisions. The classification dis-
cussed in WR is interesting, since it also gives infor-
mation about cases that separate in two different tra-
jectories. However, it does not seem practical to sub-
jectively classify these cases when the data sample is
large. Therefore our classification emphasizes the tra-
jectory of the main OLR contiguous region as it moves
eastward.

To illustrate the propagation characteristics, the fol-
lowing figures show typical cases. Figure 3 shows an
ISO case that occurred in May and June of 1982. On
6-10 May, convective anomalies (shaded) developed
near Saudi Arabia, whereas a region of convection is
till visible over the SPCZ region. In subsequent pen-
tads, the region of enhanced convection intensified over
the Indian Ocean and then propagated northward to-
wards the Bay of Bengal and China. The entire duration
of this case was 9 pentads and the values of I', were
4.6 (INDOC), 4.3 (CASIA), 0.0 (SPCZ), 0.0 (WPAC),
and 0.1 (EASIA), which gives an intuitive feeling for
the meaning of T',. A different type of propagation is
observed for the MJO example shown in Fig. 4. In late
January 1985, convective activity started to develop
over equatorial Africa, intensified over the Indian Ocean
(10-14 February) and moved to the western Pacific in
mid-February—early March. This case, whichisatypical
boreal winter MJO event, lasted 11 pentads. The values
of I', were 2.3 (INDOC), 0.2 (CASIA), 2.6 (SPCZ), 3.9
(WPAC), and 0.0 (EASIA).

4. Seasonal variations

The seasonality of tropical intraseasonal oscillations,
and in particular of the MJO, has been explored in many
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previous studies (Madden and Julian 1994). Salby et al.
(1994), for instance, proposed that the seasonal behavior
of the MJO is controlled by the latitudinal position of
tropical heat sources such that the greatest amplifica-
tions occur in the vernal equinox when maximum sea
surface temperature (SST) is near the equator. The an-
nual distribution of al TICA events as well as of each
TICA category is shown in Fig. 5. The frequency dis-
tribution is computed as the ratio of the number of oc-
currences in the month divided by the total number of
events in the category. The distribution of all TICA
events (top left) indicates that they are common through-
out the year, although higher frequencies are observed
in the boreal winter, spring, and fall. The occurrence of
IND types shows that they predominantly happen in the
boreal winter and spring. The SO cases frequently oc-
cur during the boreal spring, summer, and fall. The high-
est occurrence, in fact, is observed in spring, which
approximately coincides with the transition phase of the
Indian monsoon regime. The importance of 1SO activity
regulating periods of ““active’” and ‘‘breaks” has been
discussed in many previous studies (e.g., Singh et al.
1992; Krishnamurthy and Shukla 2000; Goswami and
Mohan 2001). In contrast, the MJO is most frequent
during boreal winter. Since the categories adopted in
this study and the ones used by WR are not the same
and the data record is different, an exact comparison is
not possible, although the overall results are consistent
with each other.

To obtain more information on the overall annua
variability of TICA occurrences, we consider the fre-
quency of occurrence during each seasonal quarter.
There are 96 quarters in the available OLR data [24
years of January—February—March (JFM), April-May—
June (AMJ), July—August—September (JAS), and Oc-
tober—November—December (OND)]. For each quarter
of the year, we counted the number of TICA occurrences
regardless of their classification, and thus the quarter
frequency is simply the number of quarters with at least
one TICA event divided by 24. The frequency of one
or more TICA events is quite high during al seasons
except JAS when the frequency is considerably lower

(Fig. 6).

5. Variationsin TICA properties

As explained before, the tracking of TICA events by
MASCOTTE registers several properties related to the
evolution of the contiguous OLR anomalies. In this sec-
tion, we examine the possibility of significant differ-
ences between 1SO and MJO categories. We consider
the following properties:

* Duration in pentads.

» Zonal propagation defined as the longitudinal differ-
ence between the start and end of the TICA sequence.
The start and end are defined by the geometrical center
of the cluster with OLR = —15 W m~2,
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TaBLE 1. Mean cumulative intersection ratio (I',). The total N is
110. See text for explanation.

Mean cumulative intersection ratio

TICA N INDOC CASIA SPCZ WPAC EASIA
IND 19 3.6 0.3 0.1 0.1 0.1
1SO 53 2.9 1.2 0.3 1.8 17
MJO 38 3.8 11 1.8 2.2 0.1

Minimum OLR anomaly during the TICA life cycle.
Maximum number of clusters with OLR anomalies =
—-15W m-2,

Variance of OLR within the contiguous region during
the strongest stage of evolution.

Propagation speed.

Growth of OLR anomaly defined as |(OLR, —
OLRY)/(t, — t5) | where OLR; and OL R; arethe anom-
alies at the peak and start of the TICA sequence and
the denominator is the interval from the start to peak.
Decay of OLR anomaly, defined as before, but for the
difference from the peak to the end of the TICA se-
guence.

Figure 7 shows box plots of the properties of SO
and MJO. The statistical significances between differ-
ences in properties between 1SO and MJO are shown
in Table 2. The differences in the means are assessed
by testing the Z statistic:

7 = Xl - X2’

0%-%

where

o 03
U%-% N

= . 3
=Rt ©

Values greater or less than =1.64 are significant at the
95% level and indicated in bold. As expected, the MJO
lasts longer since these events have greater longitudinal
displacements. Interestingly, differencesin OLR struc-
ture are also observed. MJO events reach lower OLR
anomaly values and have greater variance inside the
contiguous region than the 1SO cases. MJO cases also
move faster than SO types with a mean value of about
4 m st Finally, MJO cases grow and decay slower
than 1SO types.
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6. Interannual variability and major MJO events

An important characteristic of the MJO (1SO) is its
irregularity from year to year (Madden and Julian 1994;
Slingo et al. 1999; Hendon et al. 1999). We begin this
section by reporting theinterannual distribution of TICA
properties determined by our tracking agorithm. For
completeness, Figs. 8 and 9 display the occurrence of
al 1SO and MJO events identified by the tracking anal-
ysis. Each figure shows the duration of the event, the
minimum OLR anomaly reached during the life cycle,
and the propagation speed. The events are registered for
the month they were first identified. The irregularity is
observed not only in the occurrence, but also in the
amplitude of the properties.

It has been noted in previous studies (e.g., Higgins
et al. 2000) that the MJO seemsto be more active during
ENSO-neutral boreal winters. We tested whether or not
statistically significant differences in the occurrences of
TICA events in different phases of ENSO can be de-
tected. In order to estimate the interannual distribution
of TICA occurrences, the following analysis was per-
formed. First, each quarter in the 24-yr period was clas-
sified according to cold, neutral, and warm ENSO phase.
The classification used is based on the National Centers
for Environmental Prediction (NCEP) Climate Predic-
tion Center assessment of reanalyzed SST anomalies
along the equator from 150°W to the date line. This
analysisresulted in 22 quarters considered as cold phas-
es, 36 quarters neutral, and 38 quarters warm.

Next, the counts of TICA per quarter and by ENSO
phase were computed and frequency distributions con-
structed. Figure 10 shows the distribution of IND, 1SO,
and MJO categories as functions of ENSO phases. A
total of 47.4% of MJOs occurred in neutral as opposed
to 34.2% in warm and 18.4% in cold ENSO. A higher
frequency of 1SO eventsis also observed in warm and
neutral ENSO.

The statistical significance of differences in occur-
rences was tested in the following way. Table 3 (top)
shows the distribution of IND, ISO, and MJO types
according to cold, warm, and neutral ENSO phases.
Therefore, the proportions of TICAsin different ENSO
phases are: cold (23/110), neutral (45/110), and warm
(42/110). We computed the test statistic Z for differences
in occurrences between (neutral, cold), (warm, cold),
and (warm, neutral) as

TaBLE 2. Significance test for difference between means of MJO and ISO characteristics. Differences statistically significant at 95% level
are indicated in bold.

Differences in MJO and SO properties

Duration Dion OLR,n N5 OLR,. Grow Decay Speed
X, — X, 271 53.34 -331 0.28 15.43 —154 —2.03 0.66
%5 0.65 8.38 1.58 0.21 6.59 0.87 1.07 0.25
z 413 6.36 —-2.09 1.28 2.34 -1.77 -1.91 2.65
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7 = (Pl B Pz)
" VPQ(UN, + UN,)’

In this expression, P, and P, are the proportions of
occurrence in two ENSO phases, respectively. The stan-
dard error of the difference between the two proportions
is given by the denominator. Here, P = (N,P, + N,P,)/
(N; + N,), Q=1- P, and N, and N, are the number
of quarters in the sample sizes. The null hypothesisis
Ho: P, = P, and the aternative is H;: P, > P,. The
null hypothesis is rejected if the sample proportion P,
is much greater than the sample proportion P, (see An-
derson and Finn 1996, 477-481). The values of the Z
statistic are shown in Table 3. Values of Z greater than
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Quarterly Occurrence

100 - 95.83 95.83

83.33
80
66.67

60 -

40

Frequency (%)

20

JFM AMJ JAS

Fic. 6. Quarterly seasonal frequency of TICA events.

1.64 would indicate that the differences between the
proportions are statistically significant at the 95% level.
The results show that, for the 24 years of data analyzed,
the occurrences of TICA eventsin different ENSO phas-
es are not statistically significant. A much longer data
record than the one analyzed here is necessary to con-
clusively assess this issue.

The ENSO phenomenon is related to substantial spa-
tial changes in the tropical Pacific basin. Although ob-
servational studies show that air—sea interaction is sig-
nificant during the MJO life cycle (Jones et al. 1998;
Shinoda et al. 1999; Zhang 2001) and may be an im-
portant mechanism for its maintenance (Flatau et al.
1997; Waliser et a. 1999), adirect relationship between

TABLE 3. Distribution of TICA events (IND, 1SO, and MJO) ac-
cording to ENSO phases. See text for explanation of statistical
test.

All IND 1SO MJO
Cold 23 4 12 7
Warm 42 7 22 13
Neutral 45 8 19 18
Total 110 19 53 38
Py (Ny) P, (N,) Z
Neutral vs cold 45/110 (36)  23/110(22) 1.568
Warm vs cold 42/110(38)  23/110 (22) 1.384
Warm vs neutral 42/110(38) 45/110(36) —0.240
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interannual variationsin tropical Pacific SST and chang-
esinthe MJO islessclear (Fink and Speth 1997; Slingo
et a. 1999; Hendon et al. 1999; Waliser et al. 2001;
Zhang and Gottschalck 2002). Figure 11 displays the

temporal occurrence of MJO events and their zonal
propagation, that is, the start and end longitudes of the
geometrical center of the cluster with OLR = —15 W
m~2. The gray color bar indicates the occurrence of cold

@ 2 mMJo
k! 1
©
k=
[
2
c
S
<
3
o
]
2-10‘
3 20
§-30+
S
o T
i=
s 50—‘
60 -
o
E
°
[
[
Q

Fic. 9. Asin Fig. 8 but for temporal distribution of MJO events.



1 FEBRUARY 2004

ENSO Phase

Frequency (%)

neutral

EIND EISO OMJO

Fic. 10. Distribution of different TICA categories as functions of
ENSO phases.

(medium), neutral (light), and warm (dark) ENSO phas-
es. Also indicated is the eastern edge of the western
Pacific warm pool (dashed line), determined by the
equatorial longitude of the 28°C isotherm. Some studies
have indicated that, as the Pacific warm pool expands
eastward, tropical intraseasonal disturbances propagate
farther east into the equatorial Pacific Ocean (Weick-
mann 1991; Slingo et al. 1999; Gualdi et al. 1999).
While this observation seems to hold for several cases,
the magnitude of the zonal propagation does not seem
to have an obvious relationship with ENSO.

The importance of the MJO in modulating the struc-
ture of the thermocline in the equatorial Pacific Ocean
by means of westerly wind bursts and forced oceanic
Kelvin waves has been noted in many previous studies
(e.g., Kessler et al. 1995; Hendon et al. 1998). In fact,
some theoretical results suggest that the MJO may act
as a stochastic forcing of ENSO. The study of Kessler
and Kleeman (2000), for instance, suggests a rectifi-
cation mechanism of the MJO into the ENSO cycle.
Westerly wind bursts can induce SST anomalies in the
Pacific basin that can spawn additional bursts and in-
teract constructively with the ENSO cycle. However, an
important characteristic of the MJO is the large degree
of variability from event to event and seasonal-to-in-
terannual changes. Although it is not the intent of this
study to investigate the interaction of the MJO with the
tropical Pacific thermocline structure, this paper ex-
amines two relevant questions related to the climatology
of the MJO. First, what is the frequency of major MJO
events? In this context, it is clear that not all major MJO
events may necessarily have the correct low-level spatial
structure to have a significant impact in the tropical
Pacific thermocline. Therefore, another important ques-
tion is: what is the probability that a major MJO event
has a potential impact in the western Pacific?

Before examining the first question, some comments
regarding how to define major MJO events are appro-
priate. A large majority of previous statistical studies
of the MJO tend to identify periods of high (low) in-
traseasonal activity by examining the amplitude of in-
dexes. The indexes can be, for example, filtered time
series in predefined locations (Hendon and Salby 1994)
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or some combination of the first two principal com-
ponents from empirical orthogonal functions (EOFS)
(Jones and Weare 1996; Hendon et al. 1998; Jones 2000;
Kessler 2001; Shinodaand Hendon 2002). Although this
approach is useful, the amplitude of indexes does not
represent events with different properties. For instance,
the above technique does not necessarily separate in-
tense events with small zonal propagation from intense
events with substantial eastward propagation or differ-
ent types of trajectories. The advantage of characterizing
TICA events according to their propagation character-
isticsisthat these properties can be used to define major
events as well.

The frequency distribution of duration, zonal prop-
agation, and minimum OLR anomaly during the life
cycleof all 38 MJO eventsidentified in the 24-yr record
isdisplayed in Fig. 12. The median values are 9 pentads,
78.86° of longitude and —43.2 W m~2, respectively. We
define here major MJO events as those in which the
zonal displacement and lowest OLR anomaly during the
life cycle exceed the corresponding median values. A
total of 13 events or 34.21% of MJO's satisfy the cri-
teria. It is interesting to recall that, although the like-
lihood that a TICA event will occur at any point in the
annua cycle is rather high (Fig. 6), the frequency of
major MJO events is considerably lower.

The next question is the likelihood that major MJO
events may potentially impact the western Pacific warm
pool. In order to better separate the major MJO events
that may have significant low-level structure, we fol-
lowed a procedure similar to Shinoda and Hendon
(2002), who investigated the rectification effect of the
MJO-induced low-level wind speed in the western Pa-
cific. Time series of surface zonal (U) and meridional
(V) wind components from NCEP-National Center for
Atmospheric Research (NCAR) reanalysis (Kalhay et
al. 1996) from 1-5 January 1979 through 27-31 De-
cember 2002 were used. First, two low-pass filters were
applied to the U and V time series to retain periods
longer than 30 and 90 days. Next, the filtered wind
speeds were computed as: WS;, = VU3, + V2 and

WSy, = VUZ, + V2, Shinoda and Hendon (2002) de-
fine the increased wind speed produced by intraseasonal
variations (or rectification effect due to intraseasona
variations) as. IWS = WS,;, — WS,,. They found that
during active MJO periods, the wind speed is increased
by about 1 m s* south of the equator in the western
Pacific.

Table 4 lists the initial day, month, and year of the
13 major MJO events. Also shown is the ENSO phase
during the start of the event, the duration, zonal prop-
agation, and minimum OLR anomaly during the life
cycle. The increased wind speed, spatially averaged in
the warm pool (15°S-5°N; 130°E-180°), when enhanced
convective anomaly was over theregion isalso included
in the table. Six of the major events occurred in neutral,
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four in warm, and three in cold ENSO. The median
value of the increased wind speed during the 13 events
is equal to 1.95 m s*. If one considers that a major
MJO event may have an impact in the western Pacific
warm pool when the increased wind speed is above the
median value, then nine events (or 69.23%) are iden-
tified (indicated in bold). Although the above normal
increased wind speed does not necessarily imply a sub-

stantial effect in the thermocline structurein the tropical
Pacific, the statistics shown in Table 3 further indicate
additional variability among major MJO events. In ad-
dition, the vertical temperature structure of the mixed
layer and thermocline region can be very important in
determining the magnitude and even sign of any SST
response to enhanced surface wind speeds associated
with the MJO.
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7. Summary and conclusions

Tropical intraseasona variations have a central role
in subseasonal changes in the coupled ocean—atmo-
sphere system including teleconnections with midlati-
tudes of both hemispheres. This paper developed an
improved climatology by focusing on events that prop-
agate eastward (defined here as TICA). The identifi-
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cation and characterization of TICA events was per-
formed using 24 years of OLR data and the MASCOT-
TE tracking algorithm. The methodology developed in
this study identifies the propagation of TICA events
utilizing a procedure that is based on the intersection
of the contiguous OLR anomaly with five predefined
key regions in the Indian—Pacific sector. The additional
advantage of the procedure adopted in this work is the
characterization of properties of OLR anomaly features
and their evolution. Three distinct types of TICA oc-
currences were identified. Thefirst type (IND) develops
in the Indian Ocean without significant propagation to
the western Pacific. For convenience, the second and
third types are denominated as 1SO and MJO. Some of
the findings of thiswork are similar to the previous study
of WR, who used a different procedure to characterize
TICA events. TICA events closely related to MJO fea-
tures are frequent during boreal winter, whereas 1SO
events are typical during boreal summer. In addition,
MJO events last longer, have greater longitudinal dis-
placements, reach lower OLR anomaly values and have
greater variance inside the contiguous region than the
ISO cases.

The most important contribution of this study is the
determination of interannual occurrences of TICA
events, an issue that was not examined in the previous
study of WR because of the small datarecord. Although
the frequency of MJO (1SO) events seems to be higher
during ENSO neutral or ENSO warm events, the data
record analyzed in this study does not indicate statis-
tically significant differences. Thisis closely related to
the different frequency of cold, neutral, and warm events
in the 24 years of data. A much longer data record is
necessary to reliably address this issue.

Although the frequency of TICA eventsisrather high
throughout the year, the occurrence of major MJO events
is significantly lower. Mgjor MJO events were defined
as those that exceed the median values of zonal prop-
agation and minimum OLR anomaly intensity. A total
of 13 events or 34.21% of MJO's identified in the 24

TABLE 4. Major MJO events. Day, month, and year refer to the date when the event was first identified by MASCOTTE. Events marked
in bold are major events in which the increased wind speed is above the median value of 1.95 m s+

Zonal Minimum OLR Increased
Duration propagation anomaly wind speed

Day Month Year ENSO (pentads) (degrees lon) (W m-2) (ms?)
16 1 1979 Neutral 13 100.83 —48.31 1.81
21 1 1985 Cold 11 155.56 —60.23 2.79
22 12 1985 Neutral 12 85.67 —45.97 214
6 4 1986 Neutral 8 111 —44.23 124
1 1 1987 Warm 13 102.86 —51.43 1.89
11 1 1988 Warm 12 136.5 —45.76 3.22
12 3 1988 Warm 5 80.59 —45.57 1.95
28 10 1988 Cold 15 103.75 —46.15 2.59
12 12 1989 Neutral 14 142.68 —50.88 294
27 11 1992 Warm 11 126.24 -54.9 294
22 11 1996 Neutral 11 129 —50.26 274
16 1 1997 Neutral 13 127.79 —51.01 4.56
1 1 2001 Cold 13 128.23 —44.18 2.07
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years of data satisfy the criteria. Since not al major
MJO events may have the samelow-level wind structure
and therefore have the same impact in the thermocline
of the tropical Pacific, this study also estimated the in-
creased wind speed due to intraseasonal variations (or
rectification wind effect). A total of 69.23% of the major
MJO events displayed increased wind speeds above the
median value.

A magjor difficulty for operational meteorology is the
inability of most dynamical models to realistically rep-
resent the MJO (Slingo et al. 1996). In this study, we
identified events, denoted IND, that propagate in the
Indian Ocean without fully developing significant east-
ward propagation into the western Pacific Ocean. A
comparison of the environmental conditions (i.e., ther-
modynamic and dynamic) between the IND and MJO
types may provide important clues about the necessary
conditions for eastward propagation in the Indian—Pa-
cific sector.

In recent years, there has been an increasing interest
in the exploration of subseasonal predictability. In this
regard, tropical intraseasonal variations play a key role
and there is a major effort to determine the empirical
and dynamical limit of predictability of the MJO (Wal-
iser et al. 2003). Another motivation for conducting this
climatological study of TICA occurrences is to assess
the empirical forecast skill of TICA eventswith different
propagation characteristics (i.e., MJO and ISO) as well
as possible dependences on interannual time scales.
Theseissues areinvestigated in aseparate work by Jones
et al. (2002).
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